Abstract. Geraniol is a dietary monoterpene alcohol that is found in the essential oils of aromatic plants. To date, experimental evidence supports the therapeutic or preventive effects of geraniol on different types of cancer, such as breast, lung, colon, prostate, pancreatic, and hepatic cancer, and has revealed the mechanistic basis for its pharmacological actions. In addition, geraniol sensitizes tumor cells to commonly used chemotherapy agents. Geraniol controls a variety of signaling molecules and pathways that represent tumor hallmarks; these actions of geraniol constrain the ability of tumor cells to acquire adaptive resistance against anticancer drugs. In the present review, we emphasize that geraniol is a promising compound or chemical moiety for the development of a safe and effective multi-targeted anticancer agent. We summarize the current knowledge of the effects of geraniol on target molecules and pathways in cancer cells. Our review provides novel insight into the challenges and perspectives with regard to geraniol research and to its application in future clinical investigation.
Introduction
Monoterpenes, specifically the C 10 isoprenoids, are dietary compounds that are found in the essential oils of many fruits, vegetables and herbs. Monoterpenes have been considered to play a physiological role in the mediation of plant-environment interactions (1) . Monoterpenes have been widely used as flavorings and fragrances in the food and cosmetic industries, and as active ingredients in many pharmaceutical products due to their analgesic, anti-inflammatory, anti-pain and wound healing properties (2) (3) (4) (5) (6) (7) (8) (9) . Several dietary monoterpenes, such as d-limonene and perillyl alcohol, have been known to exert chemotherapeutic or chemopreventive effects against cancer (4, (10) (11) (12) (13) (14) (15) .
Geraniol is an acyclic monoterpene alcohol that is derived from the essential oils of aromatic plants (see ref. 16 for the detailed physicochemical and toxicological properties of geraniol). In addition to its use in various commercial products, including cosmetics and fine fragrances, geraniol exerts a broad spectrum of pharmacological activities, such as anti-microbial, anti-inflammatory, anti-oxidant, anti-ulcer and neuroprotective activities (17) (18) (19) (20) . Geraniol has garnered attention for its potential role in the treatment of a range of cancers, including breast, lung, colon, prostate, pancreatic and hepatic cancers (21) (22) (23) (24) (25) (26) . In addition, geraniol has been shown to sensitize tumor cells to commonly used chemotherapy agents, such as 5-fluorouracil (5-FU) and docetaxel (25, 27, 28) . Because geraniol is classified into the generallyrecognized-as-safe (GRAS) category by the Flavor and Extract Manufacturers Association (FEMA) and the Food and Drug Administration (FDA) of the United States (16) , its therapeutic effects against cancer have important clinical and translational implications.
Geraniol has been demonstrated to control multiple signaling molecules and pathways that are involved in various biological processes, such as the cell cycle, cell survival and proliferation, apoptosis, autophagy and metabolism (22, 23, 25, (29) (30) (31) . Multi-target therapeutic agents are more efficacious for the treatment of complex diseases, such as cancer, and are less vulnerable to adaptive resistance (32) (33) (34) (35) (36) . Therefore, geraniol may be a promising resource that may be used as an active ingredient, a lead compound, or a chemical moiety for future drug development. In the present review, we
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highlight the antitumor activity of geraniol against various types of cancer. We also summarize the current knowledge with regards to the effects of geraniol on target molecules or pathways. Our review provides novel insight into the challenges and perspectives of geraniol research as it pertains to future clinical investigations.
The effects of geraniol on cancer hallmarks
Successive genetic lesions promote the transition of a cell from a normal to a neoplastic state because they confer relative fitness benefits, which ensure a high degree of adaptability to altered environmental cues. When tumor cells evolve progressively under selective pressures, they acquire certain cancer hallmarks that enable the tumor to survive and grow and ultimately become malignant (37) (38) (39) (40) (41) (42) . Therefore, the molecules or pathways that are responsible for the acquisition of these hallmarks have been considered promising targets for the development of effective anticancer agents.
Geraniol has been demonstrated to affect many signaling molecules and pathways that represent cancer hallmarks, such as sustaining proliferative signaling (26, (43) (44) (45) (46) (47) (49) , and resisting cell death (25, 26, 30, 45, 46, 49, 50, 54) and deregulating cellular energetics (23, 24, 26, (29) (30) (31) 47, 52) . The pleiotropic effects of geraniol on cancer hallmarks are schematically illustrated in Fig. 1 and are summarized in Table I . however, the detailed molecular mechanisms through which geraniol functions will be described in the next section. These results suggest that geraniol effectively abolishes various properties of tumor cells that allow them to adapt and survive under selective pressure.
The effects of geraniol on various types of cancer
Geraniol has been found to be effective against a broad range of cancers, including breast, lung, colon, prostate, pancreatic, skin, liver, kidney and oral cancers (Fig. 2) . The molecular mechanisms that underlie the therapeutic effects of geraniol on various types of cancer are summarized in Table II . Of cancer hallmarks, enabling replicative immortality and resisting cell death appear to be the most central targets of geraniol (Table II) . however, it is emphasized that this can be research or publication bias: for example, it is still not reported whether geraniol affects avoidance of immune destruction or activating invasion and metastasis. The effective dose range of geraniol in vitro (cell culture), and in in vivo (xenograft or chemical carcinogenesis) models are presented in Table III . Bcl-w, Bcl-2-like 2; Bcl-2, B-cell lymphoma 2; BNIP3, Bcl2/adenovirus E1B 19 kDa interacting protein 3; CAT, catalase; CDk, cyclin-dependent kinase; COX-2, cyclooxygenase-2; ERk, extracellular signal-regulated kinase; GPX, glutathione peroxidase; GR, glutathione reductase; GSk-3β, glycogen synthase kinase-3β; GSh, glutathione; G6PD, glucose-6-phosphate dehydrogenase; hMG-CoA, 3-hydroxy-3-methylglutaryl-CoA; IL, interleukin; iNOS, inducible nitric oxide synthase; kim-1, kidney injury molecule-1; LC3, microtubule-associated protein light chain 3; MDA, malondialdehyde; MPO, myeloperoxidase; mTOR, mammalian target of rapamycin; NF-κB, nuclear factor-kappa B; NO, nitric oxide; n-Nrf-2, nuclear Nrf-2; ODC, ornithine decarboxylase; PCNA, proliferating cell nuclear antigen; PGE2, prostaglandin E2; pIκB-α, phospho-I kappa B-alpha; PkC, protein kinas C; PPARγ, peroxisome proliferator-activated receptor gamma; RhoA, Ras homolog gene family member A; QR, quinone reductase; SOD, superoxide dismutase; TBARS, thiobarbituric acid reactive substances; TNF-α, tumor necrosis factor-α; TS, thymidylate synthase; Tk, thymidine kinase, VEGF, vascular endothelia growth factor. Ras$ (45) reduced-GSh#, Table II . The antitumor activity of geraniol against cancer. 
p53$ (46), n-Nrf-2# (53) a N.D., not determined. Arrows indicate upregulation or downregulation of the indicated molecules in terms of expression or activity.
Breast cancer. Geraniol suppressed the growth of MCF-7 breast cancer cells via the induction of cell cycle arrest in the G1 phase (23) . The protein levels of cyclin D1, cyclin-dependent kinase 4 (CDk4), cyclin E, and cyclin A were reduced in geraniol-treated MCF-7 cells, whereas those of p27 kip1 were elevated by geraniol (23) . In contrast, geraniol did not affect the growth of MCF-10F normal breast epithelial cells (23) , which indicates that its activity is tumor-specific. Although geraniol inhibited 3-hydroxy-3-methylglutaryl coenzyme A (hMGCoA) reductase activity, geraniol-induced cell cycle arrest was not rescued by supplementation with mevalonate, which is a reaction product of hMG-CoA reductase (23) . These results indicate that the anti-proliferative effect of geraniol on MCF-7 cells is not related to a reduction in hMG-CoA reductase activity or the limitation of cellular mevalonate levels, but rather, that it is linked to other molecular mechanisms.
Lung cancer. Experiments in xenograft models revealed that geraniol reduced tumor weight and volume in mice bearing tumors that formed from A549 cells (26) , which showed an increased TUNEL-positive tumor cell population and elevated caspase-3 activity. Geraniol also inhibited cholesterol synthesis in A549 cells and reduced the serum levels of cholesterol in mice with A549 cell xenografts through the suppression of hMG-CoA reductase activity (26) . In addition, geraniol reduced the expression levels of membrane-bound Ras in A549 cell-bearing mice without corresponding changes in the total protein levels of Ras (26) . This was probably due to the actions of geraniol that are related to the inhibition of mevalonate pathways and the resultant reduction in Ras prenylation (55) . however, it is unclear whether mevalonate supplementation can rescue geraniol-induced phenotypes.
Colon cancer. Geraniol exerted anti-proliferative activity against Caco-2 colorectal adenocarcinoma cells through the induction of S phase cell cycle arrest (22) . In addition, geraniol elicited apoptosis in mouse xenograft models using CT26 colon carcinoma cells (54) . Geraniol affected polyamine metabolism in Caco-2 cells through the reduction of ornithine decarboxylase (ODC) activity (22) . This is clinically relevant because polyamine metabolism is a promising target of chemotherapeutic and chemopreventive drug development strategies (56) . Geraniol also induced the depolarization of the plasma membrane potential with a decrease in membrane resistance in Caco-2 cells (43) , which led to the reduction in the activities of protein kinase C (PkC) and extracellular signal-regulated protein kinases (ERk) (43) . Under the experimental conditions, mevalonate supplementation did not reverse geraniol-mediated inhibition of cell growth (43) , which indicates that hMG-CoA reductase is not linked to the antitumor actions of geraniol. Geraniol sensitized cultured Caco-2 cells and SW620 colorectal adenocarcinoma cells to 5-FU and also sensitized mice with xenografts of TC118 colon cancer cells to 5-FU (27, 28) . In addition, geraniol elevated the uptake rate of 5-FU in colon cancer cells (27) . Geraniol effectively decreased the expression levels of thymidine kinase and thymidylate synthase (28) , which are important targets for the development of anticancer drugs and chemosensitizing agents (57) (58) (59) . These results suggest that geraniol might serve as a chemosensitizer.
Geraniol was found to elicit chemopreventive activities (49) . It decreased the total number of aberrant crypt foci in the colons of Wistar rats that were treated with dimethylhydrazine (49) . Under this condition, geraniol reduced DNA damage in the colonic mucosa. In addition, apoptosis in the distal colon was significantly higher in the geraniol-treated group compared with the control group. Moreover, the expression levels of Bcl-2 were significantly decreased in the geranioltreated group (49) .
Prostate cancer. Geraniol inhibited tumor cell growth via the induction of apoptosis in cultured and grafted PC-3 prostate cancer cells (25, 30) due to the depolarization of mitochondrial membrane potential, the activation of caspase-3, the reduction in the expression levels of Bcl-2 and Bcl-w, and the increased expression levels of Bax and BNIP3 (25) . Geraniol also potently induced autophagy, which is crucial for the effective stimulation of cell death (30) . The combined inhibition of apoptosis and autophagy restored cell growth in geraniol-treated PC-3 cells. In addition, cell cycle arrest at G1 phase, and a slight arrest at G2 phase, were observed in geraniol-treated PC-3 cells (25, 30) , which was confirmed by the decreased expression levels of cyclins A, B, D and E and CDk1 and CDk4, as well as by the elevated levels of p21
Cip1 and p27 kip1 . At the molecular level, geraniol has been found to inhibit AkT-mTOR signaling without affecting mitogen-activated protein kinase (MAPk) activity (30) . For example, the PP2A inhibitor okadaic acid, but not the PP1 inhibitor tautomycin, reversed geraniol-mediated inhibition of AkT. Concomitantly, geraniol activated AMP-activated protein kinase (AMPk). The combined treatment with the AkT inhibitor perifosine and the AMPk activator AICAR synergistically inhibited tumor cell growth (30) . however, under the condition, geraniol did not affect the activity of transient receptor potential melastatin type 8 (TRPM8) channel or calcium mobilization (25, 30) . In addition, mevalonate supplementation did not reverse the geraniol-mediated inhibition of cell growth (30) .
Geraniol increased the therapeutic response of PC-3 cells to chemotherapy agents, such as docetaxel, doxorubicin, paclitaxel, etoposide, 5-FU and cisplatin (25) . Particularly, the combination of the sub-optimal doses of geraniol and docetaxel noticeably suppressed the growth of prostate cancer cells in culture and those in mouse xenografts; the percentage of active caspase-3-positive cells was markedly increased in tumor tissues that were treated with geraniol and docetaxel compared with the treatment of cells with either drug alone.
Pancreatic cancer. Geraniol inhibited the proliferation of MIA PaCa-2 pancreatic carcinoma cells and BxPC-3 pancreatic adenocarcinoma cells and reduced tumor volume in hamsters injected with PC-1 pancreatic ductal adenocarcinoma cells (21, 48, 60) . In addition, geraniol induced G1 phase cell cycle arrest in MIA PaCa-2 cells (48) and elevated the expression levels of p21
Cip1 and p27 kip1 but reduced those of cyclin A, cyclin B1 and CDk2. siRNAs against p21
Cip1 and p27 kip1 subsequently alleviated geraniol-induced cell cycle arrest (48) . Finally, the protein levels of cyclin D1 were reduced by geraniol in MIA PaCa-2 cells, but not in BxPC-3 cells (48) .
When the tumor cells were incubated with geraniol before they were treated with gemcitabine, which is one of the firstline treatments for advanced pancreatic cancer, proliferation of BxPC-3 cells was significantly inhibited compared with when the cells were treated with either drug alone (60) . In addition, geraniol markedly enhanced the apoptosis-inducing effect of gemcitabine on BxPC-3 cells (60).
Skin cancer. Geraniol inhibited skin edema and epidermal hyperplasia in mice that were stimulated with 12-O-tetradecanolyphorbal-13-acetate (TPA)/7, 12-dimethylbenzanthracene (DMBA) (45, 52) . The chemopreventive effects of geraniol on skin tumorigenesis are ascribed to the activation of apoptotic pathways and the attenuation of Ras-mediated cell proliferation pathways. Particularly, geraniol reduced the levels of membrane-bound Ras in DMBA/TPA-stimulated mice (45) and also decreased Raf expression and ERk activity. however, it is unclear whether geraniol inhibits hMG-CoA reductase activity in this setting and whether mevalonate rescues the geraniol-induced phenotypic changes. In addition, geraniol suppressed the TPA-induced increase in cutaneous ODC activity and the thymidine incorporation rate in mouse skin (45) .
Geraniol suppressed skin inflammation through the inhibition of cyclooxygenase (COX)-2 induction in DMBA/ TPA-treated mice (45) . Geraniol also inhibited the altered expression of nuclear factor (NF)-κB; the production of cutaneous proinflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-6, IL-1β and pp38; and the formation of superoxide dismutase (SOD) and nitric oxide (NO) (52) . In addition, geraniol exerted antioxidant activity to reduce TPA-induced malondialdehyde (MDA) production through modulation of the following: glutathione (GSh), glutathione reductase (GR), glutathione peroxidase (GPX), glutathione-S-transferase (GST), catalase (CAT), lipid peroxidation, glucose 6-phosphate dehydrogenase (G6PD) and quinone reductase (QR) (45, 52) .
Liver cancer. In one study, geraniol exerted anti-proliferative activity in hepG2 hepatocarcinoma cells (29, 31, 61) , and G1 phase cell cycle arrest and apoptosis were observed in geraniol-treated cells (31) . In addition, geraniol suppressed tumor growth in mice that received transplanted Morris 7777 hepatoma cells (62) . Geraniol inhibited hMG-CoA reductase activity in HepG2 cells and 2-acetylaminofluorene-treated Wistar rat (29, 47) and reduced the level of RhoA in hepatic membranes (47) . Although geraniol affected various lipid metabolic pathways, including hMG-CoA reductase or Δ5-desaturase (29, 31) , it is uncertain whether its effects are linked to tumor suppression.
Geraniol exhibited chemopreventive activity against hepatocarcinogenesis in rats that were stimulated with diethylnitrosamine and 2-acetylaminofluorene. It also inhibited cell proliferation and DNA damage in preneoplastic lesions (PNLs) and caused an elevation in apoptosis in PNLs (24, 47) .
Kidney cancer. Geraniol demonstrated chemopreventive activity in Wistar rats treated with ferric nitrilotriacetate (Fe-NTA) (50) in that it effectively reduced renal oxidative stress and tumor incidence via the modulation of multiple molecular targets that are involved in proliferation, apoptosis, or inflammation. Geraniol restored the activities of GSh-dependent antioxidant enzymes, such as glutathione S-transferase, glutathione peroxidase, and catalase in Fe-NTA-injected rats, which suppressed Fe-NTA-induced renal toxicity (50) . In the rats that were treated with Fe-NTA and N-nitrosodiethylamine, geraniol downregulated kidney injury molecule-1 (kim-1), NF-κB, proliferating cell nuclear antigen (PCNA), and p53 and upregulated caspase-3, -8 and -9 (50).
Oral squamous cell carcinoma. Geraniol prevented DMBAinduced buccal pouch carcinogenesis in the hamster (46, 51) . Its anti-inflammatory, anti-angiogenic, anti-proliferative, and apoptosis-inducing properties contributed to the suppression of histological changes, such as keratosis, dysplasia and hyperplasia, in the buccal pouch of DMBA-treated hamsters. Geraniol also exerted its chemopreventive potential against 4-nitroquinoline-1-oxide (4NQO)-induced oral carcinogenesis in Wistar rats (53) .
Geraniol reduced the plasma concentrations of lipid peroxidation by-products in DMBA-stimulated hamsters (51) . Geraniol also restored the DMBA-induced disturbance in the status of antioxidants in terms of glutathione peroxidase, reduced glutathione, vitamin E, superoxide dismutase, and catalase in the plasma and in the buccal mucosa (51) . In addition, the chemopreventive potential of geraniol relies on modulatory effects on phase I (cytochrome P450 and cytochrome b5) and II (glutathione-S-transferase, glutathione reductase and DT-diaphorase) detoxification enzymes to excrete carcinogenic metabolites during DMBA-induced buccal pouch carcinogenesis in the hamster (51) . Similar effects of geraniol were observed in 4NQO-stimulated models of oral squamous cell carcinoma (53) .
Geraniol reduced the expression levels of Bcl-2, PCNA, mutant p53, VEGF, c-fos, COX-2, NF-κB, and cyclin D1, whereas it elevated Bax, caspase-3 and -9 activity in DMBAtreated hamsters (46) . In addition, geraniol increased the nuclear levels of nuclear factor erythroid 2-related factor 2 (Nrf-2), a redox-sensitive transcription factor, in 4NQO-stimulated rats (53) .
Other cancers. Geraniol inhibited cell growth in P388 leukemia cells (63) . Geraniol exerted anti-proliferative activity against B16 melanoma cells in culture and in xenograft models (63) (64) (65) (66) . Mevalonate supplementation rescued geraniol-induced phenotypes of P388 leukemia cells, but not those of B16 melanoma cells (63) . These results suggest that limitations in mevalonate levels suppress tumor growth in a cancer type-specific manner.
Discussion and future perspective
Geraniol has been approved as GRAS by FDA and FEMA. The acute oral LD 50 was calculated as 3.6 to 4.8 g/kg in rats and the intramuscular LD 50 was reported to be 4 g/kg. In addition, dose toxicity was only slightly observed in repeated administration of geraniol at 1,000 mg/kg/day in the diet for 16 weeks (see the ref. 16 for the detailed toxicological data of geraniol). The recent experimental observations obtained from in vitro and in vivo models have supported the idea that geraniol exerts therapeutic, chemosensitizing, or preventive effects against different cancer types by modulating multiple cancer hallmark pathways (Tables I and II) . Particularly, the antitumor effects of geraniol were achieved by oral delivery in different cancer types (Table III) , which is unlike poor oral bioavailability of many phytochemicals (67) . These results suggest that geraniol might be beneficial for achieving a balance between therapeutic outcome and adverse drug responses and useful for improvement in quality of life of patients and palliative treatment. Therefore, geraniol might be promising for further development as a lead compound or a chemical moiety.
The non-toxic properties of geraniol (16) and the experimental results summarized in this review have demonstrated that geraniol specifically suppresses tumor growth, but does not affect normal physiology at an individual level. Geraniol commonly affects the signaling molecules that are involved in the acquisition of cancer hallmarks, particularly those that involve the cell cycle and apoptosis, across various types of cancer, as summarized in Tables I and II . These findings suggest that geraniol elicits tumor-specific effects through common molecular mechanisms. however, several geraniolreactive signaling pathways are also important physiological cell functions. For example, geraniol has been shown to inhibit angiogenesis, which does not only occur during tumor growth but also during embryo development, wound healing and other physiological conditions (68) . Therefore, the cancer typespecific actions and the adverse effects of geraniol need to be carefully evaluated.
hMG-CoA reductase catalyzes the synthesis of mevalonate, which is the committed step in the synthesis of prenyl groups (55) and is the limiting step in cholesterol biosynthesis (69) . The expression levels of hMG-CoA reductase are frequently upregulated in various types of cancer in humans (23, 26, 29, 31, 47) . It has been shown that geraniol inhibits hMG-CoA reductase in most types of tumor cells, which raises the possibility that the reduced prenylation of small G-proteins, such as Ras or RhoA, accounts for the antitumor effects of geraniol. however, mevalonate supplementation did not reverse geraniol-induced growth suppression in any type of cancer tested (23, 26) except leukemia (63) . These results suggest that geraniol-induced molecular changes do not necessarily induce phenotypic outcomes and that the inhibition of HMG-CoA reductase might be effective against specific types of cancer, including leukemia.
The molecular mechanisms by which geraniol exerts its anticancer effects are still largely unknown. Therefore, much effort is required to obtain additional information on the effectiveness and efficacy of geraniol. In this regard, computational approaches using omics technology-driven data should be emphasized to broaden our understanding of the pharmacological mechanisms of action of geraniol and for the translation of this biological knowledge into clinical practice (70) (71) (72) (73) (74) (75) (76) . Data-driven approaches allow us novel insights into geraniol-induced changes in terms of the molecular makeup of biological systems, which contributes to the efficient discovery of the latent target molecules of geraniol.
There seem to be no doubt that geraniol inhibits cancer growth in vitro and in vivo models. however, in vitro models, submillimolar concentrations of geraniol have been used to define the therapeutic effects and the mechanism of action ( Table III) . This may be a weakness of geraniol studies because these concentrations are not clinically relevant. Nonetheless, geraniol effectively and efficiently suppresses tumor growth in in vivo models. These findings are similar to those of metformin, an anti-diabetic drug. Although millimolar concentrations of metformin usually exerts anticancer activity in in vitro models, there is consensus that metformin is a clinically promising cancer therapeutic agent (77, 78) . Therefore, it is crucial that the mechanisms of action of geraniol are elucidated in in vivo studies.
The present review has highlighted the pleiotropic mechanisms of action of geraniol in various types of cancer. Geraniol is therefore useful in the development of multi-target therapies against cancer, and our review provides a scientific basis for future basic and translational research.
